Mammalian Lgl Forms a Protein Complex with PAR-6 and aPKC Independently of PAR-3 to Regulate Epithelial Cell Polarity  by Yamanaka, Tomoyuki et al.
Current Biology, Vol. 13, 734–743, April 29, 2003, 2003 Elsevier Science Ltd. All rights reserved. DOI 10.1016/S0960-9822(03)00244-6
Mammalian Lgl Forms a Protein Complex with PAR-6
and aPKC Independently of PAR-3 to Regulate
Epithelial Cell Polarity
establishment and maintenance of cell polarity [1, 2].
Studies of model genetic systems such as Caenorhab-
ditis elegans (C. elegans) and Drosophila revealed a
set of evolutionarily conserved polarity proteins that are
required for asymmetric cell division during develop-
Tomoyuki Yamanaka,1,3 Yosuke Horikoshi,1,3
Yuki Sugiyama,1 Chikako Ishiyama,1
Atsushi Suzuki,1 Tomonori Hirose,1
Akihiro Iwamatsu,2 Azusa Shinohara,2
and Shigeo Ohno1,*
1Department of Molecular Biology ment and epithelial membrane polarity [3]. One example
is the set of proteins, including PAR-6, aPKC, andYokohama City University School of Medicine
3-9 Fuku-ura PAR-3, which forms the PAR-6/aPKC/PAR-3 complex
[4–8] and is involved in various biological contexts [9].Kanazawa-ku
2 Section of Protein Chemistry In mammals, the protein complex localizes to TJ in epi-
thelial cells [4, 10, 11]. A series of studies with culturedCentral Laboratories for Key Technology
Kirin Brewery Company epithelial cells established that the PAR-6/aPKC/PAR-3
complex promotes the asymmetric development of the1-13-5 Fuku-ura
Kanazawa-ku epithelial junctional complex and cell polarity, in which
aPKC kinase activity plays a critical role [4, 11–14]. InYokohama 236-0004
Japan Drosophila, the PAR-6/aPKC/PAR-3 (Bazooka) complex
localizes to the subapical region of the embryonic epi-
dermis and is required for the development of AJ and
apicobasal membrane polarity [15–17].
Genetic studies of Drosophila also identified otherSummary
sets of proteins that establish both AJ and membrane
polarity [18, 19]. These include Crumbs (Crb), StardustBackground: Epithelial cells have apicobasal polarity
and an asymmetric junctional complex that provides the (Std), and Discs lost (Dlt), which localize to the subapical
region of epithelial cells, and Scribble (Scrib), Discs largebases for development and tissue maintenance. In both
vertebrates and invertebrates, the evolutionarily con- (Dlg), and Lethal giant larvae (Lgl), which localize to
the basolateral region. Recent studies have identifiedserved protein complex, PAR-6/aPKC/PAR-3, localizes
to the subapical region and plays critical roles in the genetic interactions among these three sets of proteins.
For example, Lgl or Dlg is required for apical localizationestablishment of a junctional complex and cell polarity.
In Drosophila, another set of proteins called tumor sup- of Bazooka in the epidermis [20], and Crb and Lgl, as
well as Std and Dlg, cooperate in AJ formation throughpressors, such as Lgl, which localize separately to the
basolateral membrane domain but genetically interact the competitive definition of membrane polarity [21, 22].
Mammalian homologs of Crb, Dlt, and Std localize towith the subapical proteins, also contribute to the estab-
lishment of cell polarity. However, how physically sepa- TJ [23–25], whereas homologs of Dlg and Lgl localize
to the basolateral region in mammalian epithelial cellsrated proteins interact remains to be clarified.
Results: We show that mammalian Lgl competes for [26, 27]. Although these observations suggest the cen-
tral importance of the PAR-6/aPKC/PAR-3 complex andPAR-3 in forming an independent complex with PAR-6/
aPKC. During cell polarization, mLgl initially colocalizes functional interactions among these three sets of pro-
teins in the establishment of the epithelial junctionalwith PAR-6/aPKC at the cell-cell contact region and is
phosphorylated by aPKC, followed by segregation from complex and membrane polarity, the molecular nature
of the interactions among these polarity complexes re-apical PAR-6/aPKC to the basolateral membrane after
cells are polarized. Overexpression studies establish mains to be clarified. Particularly, how physically sepa-
rated basolateral and apical complexes functionally in-that increased amounts of the mLgl/PAR-6/aPKC com-
plex suppress the formation of epithelial junctions; this teract is still a very big question.
Here, we identify the mammalian Lgl isoform, mLgl,contrasts with the previous observation that the com-
plex containing PAR-3 promotes it. as a PAR-6 binding protein. We provide evidence sup-
porting the fact that mLgl is the major partner of theConclusions: These results indicate that PAR-6/aPKC
selectively interacts with either mLgl or PAR-3 under PAR-6/aPKC complex that plays roles in the initial phase
of the establishment of epithelial cell polarity.the control of aPKC activity to regulate epithelial cell
polarity.
ResultsIntroduction
PAR-6 and aPKC Form a Protein ComplexStudies of cultured epithelial cells established the im-
with Mammalian Lgl Independently of PAR-3portance of an asymmetric junctional complex that in-
Mammalian homologs of Drosophila Lgl, mLgl-2 andcludes adherens junctions (AJ) and tight junctions (TJ),
mLgl-1, were identified in immunoprecipitates (IPs) ofwhich cap the most apical end of epithelial cells, in the
PAR-6 (also called PAR-6B) from MDCK cells (see Fig-
ure S1 in the Supplemental Data available with this arti-*Correspondence: ohnos@med.yokohama-cu.ac.jp
3 These authors contributed equally to this work. cle online). Similar experiments with the anti-aPKC an-
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Figure 1. Identification of mLgl Isoforms as PAR-6 Binding Proteins
(A) The lysates of MDCK, MTD-1A, or Caco2 (total 3 mg protein) were subjected to immunoprecipitation with 2 g anti-PAR-6 (Beta2-4AP),
anti-mLgl-1, or anti-mLgl-2 (N13AP) antibody or control IgG. Coprecipitated proteins were analyzed by using anti-PAR-6 (BCR12AP), anti-
mLgl-1, anti-mLgl-2 (N13AP), anti-aPKC (), or anti-PAR-3 antibody. Note that two bands were detected for mLgl-1 of MTD-1A, suggesting
the presence of splicing isoforms in MTD-1A cells.
(B) 293T cells were transfected with expression vectors as indicated (top). The cell lysates (Input) were subjected to immunoprecipitation with
the anti-T7 tag antibody, followed by Western blot analysis with the anti-T7 tag (Omni), anti-HA tag, anti-PAR-3, or anti-aPKC () antibody.
tibody also revealed that mLgl-1/2 coimmunoprecipi- complex independently of the one containing PAR-3
(Figure 2F).tates with aPKC (data not shown). The interactions
among PAR-6, aPKC, and mLgl-1/2 were also ob-
served for other epithelial cell lines, as shown in Figure aPKC Phosphorylates mLgl-2 at a Specific
Serine Residue In Vivo1A; PAR-6 IPs contain endogenous mLgl-1 and mLgl-2,
in addition to aPKC and PAR-3. Interestingly, IPs of Drosophila Lgl from Sf9 cells and mammalian Lgl,
mLgl-1, are phosphorylated by unknown copurified ki-mLgl-2 or mLgl-1 contain PAR-6 and aPKC, but not
PAR-3 (Figure 1A), and IPs for PAR-3 contain PAR-6 nase(s) at their Ser residue(s) within an evolutionarily
conserved region (see Figure 3A) [29, 30]. We revealedand aPKC, but not mLgl-1/2 (data not shown). These
results indicate that the protein complexes of mLgl-1/2 that GST fusion proteins with the 636–666 aa sequence
of human Lgl-2 (GST-mLgl-2 636–666 wt) is phosphory-contain PAR-6 and aPKC independent of PAR-3.
These results are consistent with the following data lated by purified HA-aPKC in vitro, and substitution of
Ser 649, 653, or 660 for Ala decreases this phosphoryla-showing that mLgl-2 competes with PAR-3 for its incor-
poration to the PAR-6/aPKC complex in cDNA-trans- tion (Figure 3B). An antibody generated against phos-
pho-Ser 653 reacts to GST-mLgl-2 636–666, but not tofected 293T cells (Figure 1B) and support the presence
of two independent protein complexes containing PAR- its S653A mutant (Figure 3C). Using this antibody, HA-
mLgl-2 in T7-PAR-6 IPs from transfected 293T cells6/aPKC. It is interesting that the above interactions
are not observed for PAR-6 (data not shown); this find- were revealed to be phosphorylated at Ser 653 in an
aPKC activity-dependent manner (Figure 3D), indicat-ing indicates that mLgl-2 is specific to the PAR-6
isoform. ing that aPKC can phosphorylate the full-length
mLgl-2. Furthermore, the phospho-specific antibody re-A similar IP analysis using cDNA-transfected 293T
cells reveals that the region containing the PDZ domain veals that the phosphorylation of Ser 653 of mLgl-2 and
the corresponding Ser of mLgl-1 (Ser 659) occurs inof PAR-6 is required for its interaction with mLgl-2.
(Figures 2A and 2B). Consistently, a PDZ-affecting mu- MDCK cells and is enhanced by the expression of wild-
type aPKC (aPKC wt), but not by that of the kinase-tant of PAR-6, M235W [28], fails to tightly interact with
mLgl-2 (Figure 2B), whereas this mutant retains full ac- deficient mutant of aPKC (aPKC kn) (Figure 3E); this
finding indicates that both mLgl-2 and mLgl-1 are phos-tivity to interact with the PDZ domain of PAR-3 (data
not shown). A pull-down assay confirms these results phorylated in vivo in an aPKC activity-dependent
manner.(Figure 2C). A blot overlay assay further reveals that the
interaction between PAR-6 and mLgl-2 is direct (Figure
2D). HA-mLgl-2 also coimmunoprecipitates with the ki- Codistribution of PAR-6 and aPKC with mLgl-2
and Phosphorylation of mLgl-2 during an Earlynase domain (KD), but not with the regulatory domain
(RD), of HA-aPKC (Figure 2E); this finding suggests that Phase of Epithelial Cell Polarization
As reported previously for mLgl-1 [27], mLgl-2 colocal-the interaction between mLgl-2 and aPKC is PAR-6
independent. Taken together, these results indicate that izes with E-cadherin at the lateral region of polarized
MDCK cells, whereas PAR-6 localizes to the apicalmLgl-2 interacts with the PDZ domain of PAR-6 and
with the kinase domain of aPKC and forms a protein periphery of MDCK cells in addition to the apical end
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Figure 2. mLgl-2 Interacts with Both PAR-6 and aPKC
(A) Human PAR-6 has three conserved protein motifs: N-terminal 126 aa sequence, which interacts with the D1 region of aPKC; the CRIB
motif, which interacts with the active form of Cdc42/Rac1 small GTPases; and the PDZ domain, which interacts with the PDZ1 domain of
PAR-3 [9].
(B) 293T cells transfected with expression vectors as indicated (top) were subjected to immunoprecipitation with the anti-T7 tag antibody,
followed by Western blot analysis with the anti-T7 tag (Omni) or anti-HA tag antibody.
(C) GST-PAR-6 or its mutants immobilized on glutathion-sepharose were coincubated with MDCK cell lysates (Input) and were eluted by
glutathion solution, followed by Western blot analysis with the anti-mLgl-1 or anti-mLgl-2 (100–278 2-3AP) antibody. Eluted GST proteins were
detected by staining of blotted membrane with CBB (arrowheads in lower panel).
(D) 293T cells transfected with expression vectors as indicated (top) were subjected to immunoprecipitation with the anti-HA tag antibody,
followed by Western blotting. The blotted membranes were overlaid with GST or GST-PAR-6, followed by analysis with the anti-GST antibody
(upper panels). Immunoprecipitated proteins were analyzed by using the anti-HA-tag or anti-aPKC () antibody (lower panels).
(E) 293T cells transfected with expression vectors as indicated (top) were subjected to immunoprecipitation with the anti-T7 tag antibody,
followed by Western blot analysis with the anti-T7 tag (Omni) or anti-HA tag antibody.
(F) Summary of the interactions of PAR-6/aPKC with mLgl-2 or PAR-3.
of the lateral region with a TJ marker, ZO-1 (Figure S2). place between mLgl-2 and the PAR-6/aPKC complex
during MDCK cell polarization. However, we failed toColocalization of PAR-6with mLgl-2 was not observed
(Figure S2). However, during MDCK cell polarization in- detect any changes of interactions between PAR-6/
aPKC and mLgl-2 after cell disruption (data not shown).duced by calcium addition to the culture medium (cal-
cium switch), PAR-6 and mLgl-2 together with ZO-1 These proteins are mainly recovered in the cytoplasmic
fraction (data not shown), and this finding does not sup-show overlapping distribution (white) at the cell-cell con-
tact region 0.5 hr after the calcium switch, and this port the localization of these proteins revealed by immu-
nostaining. It is possible that the cell lysis process alterscodistribution was also detected at the apical end of
the cell-cell contact region 3 hr after the calcium switch the nature of the complex due to the instability of the
PAR-3/PAR-6/aPKC complex in lysates. Possible(Figure 4A). In contrast, at 20 hr, when the cells were
fully repolarized, white staining was not detected, and involvement of activated Cdc42 in the interaction might
explain the instability (see the Discussion).the cells were costained for PAR-6 with ZO-1 (purple)
at the apical end and single stained for mLgl-2 (green) We also revealed that the phosphorylation of mLgl-2
was enhanced when the cells were subjected to theat the lateral membrane. On the other hand, aPKC
codistributes with PAR-6 and ZO-1 at the cell-cell con- calcium switch (Figure 5A). The phosphorylated level
increased about 2- to 3-fold within 30 min, and mLgl-2tact region throughout the repolarization process (Fig-
ure 4B). The transient colocalization of PAR-6 and remained phosphorylated 25 hr after the calcium switch
(Figure 5B). A similar result was obtained for mLgl-1aPKC with mLgl-2 implies that an interaction takes
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Figure 3. mLgl-2 Is Phosphorylated by aPKC In Vitro and In Vivo
(A) Sequence alignment of 636–666 aa of human Lgl-2 with the corresponding regions of mouse Lgl-2, human or mouse Lgl-1, and Drosophila
Lgl. Conserved serine residues are indicated by arrowheads.
(B) GST-mLgl-2 636–666 (wt) or its serine-alanine mutants were coincubated with HA-aPKC for the indicated time, and -32P incorporation
into the GST fusion protein was examined by autoradiography. The level of GST-mLgl-2 636–666 wt phosphorylation at 5 min was taken as 1.
(C) GST-mLgl-2 636–666 or its serine-alanine mutants were coincubated with HA-aPKC for 120 min in the presence (ATP) or absence
(ATP) of ATP. The products were subjected to SDS-PAGE, followed by Western blot analysis with the anti-phospho Ser 653 antibody.
(D) 293T cells transfected with expression vectors as indicated (top) were subjected to immunoprecipitation with the anti-T7-tag antibody
(left) or control IgG (right). The IPs were incubated in the presence of [-32P] ATP for 15 min and were subjected to SDS-PAGE followed by
autoradiography. The reaction products were also analyzed by using the anti-phospho Ser 653 antibody together with the anti-HA-tag, anti-
aPKC (), or anti-T7-tag (Omni) antibody.
(E) MDCK cells expressing LacZ, aPKC wt, or aPKC kn were subjected to calcium switch for 5 hr. The cells were lysed and subjected to
Western blot analysis with the anti-phospho Ser 653 antibody, as well as the anti-mLgl-2 (100–278 2-3AP), anti-mLgl-1, anti-aPKC (), or anti-
PAR-6 (Beta2-4AP) antibody.
(data not shown). These results suggest that phosphory- effects of HA-mLgl-2 were not observed when the cells
were not subjected to calcium switch (data not shown).lation of mLgl-1/2 by aPKC occurs during the cell-
cell contact-induced cell polarization and that this is Overexpressed T7-PAR-6, but not its M235W, also lo-
calizes to the cell-cell contact region, where endoge-accompanied by dissociation of the interaction between
mLgl-2 and the PAR-6/aPKC complex. nous mLgl-2 localizes and affects calcium-induced TJ
formation as described elsewhere [14] (Figure S3); this
finding is in direct contrast with the data found forIncreased Amounts of mLgl-2 Suppress
PAR-6, which has a low affinity to mLgl and does notFunctional TJ Formation
affect TJ formation (data not shown) [13]. These resultsThe above results suggest a possibility that the transient
indicate that enhanced localization of mLgl-2 or PAR-6 tointeraction between PAR-6/aPKC and mLgl-2 con-
the cell-cell contact region inhibits the cell-cell contact-tributes to the establishment of epithelial cell polarity.
mediated formation of the junctional complex.To test this, we overexpressed mLgl-2 in MDCK cells
and evaluated its effects on TJ formation and function
by examining the junctional localization of ZO-1 and Deregulation of aPKC Activity Causes
Mislocalization of PAR-6 or mLgl-2the development of transepithelial electrical resistance
(TER), respectively. As shown in Figures 6A and 6B, to the Entire Cell Periphery
The effects of HA-mLgl-2 or T7-PAR-6 resemble thoseoverexpressed HA-mLgl-2 localizes to the cell-cell con-
tact region and affects calcium-induced TER develop- observed for the kinase-deficient mutant aPKC (aPKC
kn) [4]. These suggest that aPKC regulates the interac-ment and ZO-1 localization. It should be noted that the
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Figure 4. Codistribution of mLgl-2 with PAR-6 and aPKC at the Cell-Cell Contact Region of MDCK Cells during the Process of Polarization
(A and B) MDCK cells cultured in a low-calcium medium were subjected to calcium switch for 0, 0.5, 3, or 20 hr. The cells were fixed and
triple stained with the anti-PAR-6 (red) and anti-ZO-1 (blue) antibodies together with the (A) anti-mLgl-2 or (B) anti-aPKC antibody (green)
as indicated. The upper panels show single confocal x-y sections (x-y), and the lower panels show corresponding z sections (z). The arrowheads
in the lower panels indicate the plane of x-y sections. (A) Partial triple staining for mLgl-2 with PAR-6 and ZO-1 (white) was observed at the
cell-cell contact region of the cells at 0.5 and 3 hr after the calcium switch, whereas this triple staining was separated to a double staining
for PAR-6 and ZO-1 (purple) and single staining for mLgl-2 (green) at 20 hr after the calcium switch. (B) Triple staining for aPKC with PAR-6
and ZO-1 (white) was observed at the cell-cell contact region of the cells 0.5, 3, and 20 hr after the calcium switch. The scale bars represent
20 m.
tion of the PAR-6/aPKC complex with mLgl-2 during a mutually exclusive manner, forming two independent
epithelial cell polarization and contributes to the segre- protein complexes. Notably, overexpression of mLgl-2
gation of mLgl from the PAR-6/aPKC complex. As inhibits TJ formation; this finding is in direct contrast
shown in Figure 7A, overexpression of aPKC kn, but with the data found for PAR-3, whose overexpression,
not its wt, causes mislocalization of both mLgl-2 and but not that of its mutant lacking the aPKC binding
PAR-6, resulting in the colocalization of these proteins region, promotes TJ formation [11]. This suggests that
at the apicolateral periphery. Importantly, these effects the two independent complexes have distinct functions
were not observed in MDCK cells not subjected to a in the establishment of epithelial cell polarity. This is
calcium switch (Figure 7A), which is consistent with our consistent with the results of genetic studies of Dro-
previous observation that aPKC kn does not affect TJ sophila in which Lgl is required for formation of the
formation when the cells are not subjected to a calcium basolateral membrane domain through the inhibition of
switch [4]. These results indicate that, during epithelial the formation of apical identity [21, 31], whereas subapi-
cell polarization, the kinase activity of aPKC is required cal Bazooka (PAR-3) is required for the formation of the
for segregation of PAR-6 and mLgl-2 localization and apical membrane domain [15, 22].
thus regulates TJ formation. In polarized epithelial cells, mLgl localizes to the lat-
The overexpressed aPKC kn in MDCK cells colocal- eral region, in contrast to the PAR-6/aPKC/PAR-3
izes with endogenous PAR-6 at the apicolateral periph- complex that localizes to the apical end of the lateral
ery, although most of aPKC kn localizes to the cytosol
domain. Interestingly, mLgl-2 transiently codistributes
(Figure 7B). In addition, the kinase-deficient mutant of
with PAR-6 and aPKC during the initial phase of epi-the kinase domain (KD) of aPKC (KD-kn) preferentially
thelial cell polarization, whereas PAR-3 stably codistri-interacts with mLgl-2 (Figure 7C). Interestingly, the sub-
butes with them at the apical end of the cell-cell contactstitutions of Ser residues of mLgl-2 (649, 653, and 660)
region [13]; this finding indicates that the balance be-for Glu (3SE), but not Ala (3SA), decrease this interaction
tween the two independent complexes changes duringeven if aPKC KD-kn is used instead of its KD (Figure
the initial phase of epithelial cell polarization. Further,7C). These results suggest that aPKC regulates the
overexpression of aPKC kn results in the abnormalinteraction of the PAR-6/aPKC complex with mLgl-2
codistribution of PAR-6 and mLgl-2 at the cell periph-through the phosphorylation of mLgl-2.
ery; this finding suggests that aPKC activity is required
for the segregation of PAR-6 and mLgl-2 localizationDiscussion
during this process. Thus, our present results, as well as
previous findings, lead us to hypothesize the followingHere, we present evidence showing that the PAR-6/
aPKC complex interacts with either mLgl or PAR-3 in working model (Figure 8). The cell-cell contact initially
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the formation of the epithelial junctional complex. Segre-
gated mLgl remains in the lateral region and seems to
contribute to the establishment of the basolateral mem-
brane identity, because mLgl-1 has been reported to
interact with syntaxin-4, a component of the basolateral
exocytic machinery [27]. Although the mechanism for
activation of aPKC remains to be clarified, Cdc42
and/or Rac1 are strong candidates as activators of
aPKC in MDCK cells (Figure 8), since the GTP-bound
form of Cdc42 activates aPKC kinase activity through
PAR-6 in vitro [13] and cell-cell adhesion activates
Cdc42 and Rac1 in epithelial cells [32, 33].
We also show that mLgl is phosphorylated by aPKC
and that this phosphorylation increases in response to
cell-cell adhesion-mediated cell polarization. Further, a
phosphomimicking mutant of mLgl-2 (3SE) fails to bind
to aPKC. These results imply that aPKC-dependent
phosphorylation of mLgl is involved in the regulation of
its interaction with the PAR-6/aPKC complex (Figure
8). On the other hand, we could not detect any difference
between mLgl-2 wt and its 3SE mutant in their interac-
tions with the PDZ domain of PAR-6 (data not shown).
In addition, overexpression of mLgl-2 mutants (3SA or
3SE) affects TJ formation similarly to that of its wt (data
Figure 5. The Level of mLgl-2 Phosphorylation Increases during
not shown). These results suggest the existence of an-Calcium-Induced Cell Polarization
other mechanism regulating the interaction of mLgl-2Confluent MDCK cells were subjected to the calcium switch for the
with PAR-6 (see below).indicated times. The cell lysates were subjected to immunoprecipi-
Recently, Hurd et al. have revealed that mammaliantation with the anti-mLgl-2 (N13AP) or control IgG.
(A) Western blot analysis with the anti-phospho Ser 653 antibody Crumbs/Stardust (Pals1) can interact with the PDZ do-
as well as the anti-mLgl-2 (100–278 2-3AP) antibody. main of PAR-6 and that this interaction is enhanced
(B) The relative Ser 653 of mLgl-2 phosphorylation level. Values by activated Cdc42 [34]. Taken together with our present
are means (	SD) of three independent experiments, which were results, this suggests that the Crumbs/Pals1 complex
normalized with the amounts of mLgl-2. The phosphorylation level
might also be involved in the regulation of the interactionat 0 hr was taken as 1.
between mLgl and the PAR-6/aPKC complex; the
PAR-6/aPKC complex, together with PAR-3, may in-
stimulates the localization of the protein complex con- volve the Crumbs/Pals1 complex to promote TJ forma-
taining PAR-6, aPKC, and mLgl at the cell-cell contact tion (Figure 8). Thus, the dissociation of mLgl from the
region. The complex is “inactive” for TJ formation. Once PAR-6/aPKC complex likely triggers the interaction
aPKC is activated, mLgl segregates from the PAR- of the PAR-6/aPKC complex with the Crumbs/Pals1
6/aPKC complex. This triggers the formation of the complex in addition to its interaction with PAR-3. The
functional interactions proposed by this model are con-“active” PAR-6/aPKC/PAR-3 complex that promotes
Figure 6. Overexpression of mLgl-2 Affects Calcium-Induced TER Development and ZO-1 Localization
Confluent MDCK cells were infected with adenovirus expression vectors encoding HA-mLgl-2. The empty vector was used as control ().
Cells were subjected to calcium switch 16 hr after viral infection.
(A) Measurement of TER development after calcium switch.
(B) The cells were fixed 5 hr after the calcium switch and were triple stained with the anti-HA, anti-ZO-1, and anti-E-cadherin antibodies.
Photographs represent the projected views of optical sections from the apical to basal membrane of cells (x-y) and corresponding z-sections
(z) at the planes indicated by arrowheads. The scale bar represents 20 m.
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Figure 7. Overexpression of aPKC kn Results in Mislocalization of PAR-6 or mLgl-2 to the Entire Cell Periphery of MDCK Cells
(A and B) Confluent MDCK cells grown on coverslips were infected with adenovirus expression vectors encoding LacZ, aPKC wt, or aPKC
kn. The cells were then subjected to calcium switch for 5 hr (CS) or were left untreated (CS). (A) Confocal z-sectional views of the cells
double stained with the anti-PAR-6 (red) and anti-mLgl-2 (green) antibodies. (B) The cells expressing aPKC kn were subjected to the calcium
switch and were double stained with the anti-aPKC (1) (green) and anti-PAR-6 (red) antibodies. Photographs represent the projected views
of optical sections covering the apical region (Apical) or lateral region (Lateral), as well as corresponding z-sections (z) at the planes indicated
by arrowheads.
(C) 293T cells were transfected with expression vectors as indicated (top), and the lysates (Input) were subjected to immunoprecipitation with
the anti-T7 tag antibody, followed by Western blot analysis with the anti-T7 tag (Omni) or anti-HA tag antibody.
The scale bars represent 20 m.
sistent with the results of recent genetic studies of Dro- data found for PAR-3, which promotes TJ formation
and thus indicates that the balance between the twosophila in which Lgl and Crumbs compete with each
other to define respective membrane identity [21]. independent protein complexes regulates the establish-
ment of epithelial cell polarity. We also suggest thatOur findings in this study suggest a notable analogy
in the mechanism regulating epithelial polarity between aPKC activity-mediated phosphorylation of mLgl is in-
volved in the regulation of mLgl’s interaction with PAR-6/Drosophila and mammals. This notion is supported by
a recent observation in Drosophila that Lgl interacts with aPKC. Our findings provide new insight into the mecha-
nism underlying the establishment of epithelial cell po-PAR-6 and aPKC and regulates the apicobasal polarity
of Drosophila neuroblasts [35]. In mammalian fibro- larity.
blasts, mLgl-1 has been reported to form a protein com-
plex with PAR-6 (also called PAR-6C) and aPKC and Experimental Procedures
is involved in the polarized migration of wounded MEF
Expression Vectorscells [36]. Further studies will help us to understand the
cDNAs encoding human PAR-6 [37] were subcloned into themolecular mechanism underlying the establishment of
SRHis/T7 vector [10]. PAR-6 mutants were generated using PCR.cell polarity in a variety of biological contexts.
The following mutants were generated: 1–126, 119–372, 1–316, and
1–272, encoding the corresponding aa regions; 
CRIB, lacking the
Conclusions CRIB region (126–138 aa); 
PDZ, lacking the PDZ domain (159–259);
and M235W, in which Met 235 was substituted for Trp. cDNA encod-We reveal that mammalian Lgl competes for PAR-3 in
ing human Lgl-2 (mLgl-2) (GenBank accession number: NM004524,forming an independent protein complex with PAR-6
X87342) was generated by fusing two cDNA fragments of humanand aPKC in epithelial cells. During epithelial cell polar-
EST clones (BC010879 and AK025401) and one cDNA fragmentization, mLgl transiently colocalizes with PAR-6 and
generated from total RNA of HeLa cells by RT-PCR by using a
aPKC at the cell-cell contact region, and increased local- OneStep RT-PCR kit (QIAGEN kk) and subcloned into the SRHA
ization of mLgl and PAR-6 to the cell-cell contact region vector [38]. Expression vectors for mouse aPKC or its mutants, or
rat PAR-3 (ASIP), were described previously [10, 39, 40]. Adenovirussuppresses TJ formation. This finding contrasts with the
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adenovirus infection of MDCKII cells were performed as described
previously [4]. Briefly, confluent MDCKII cells with or without adeno-
virus infection were incubated for 16 hr in the low-calcium medium
(3 M calcium) [42] and were then transferred to the normal calcium
medium. Transepithelial electrical resistance (TER) was measured
as described previously [4].
Immunoprecipitation and Western Blot Analysis
293T cells cultured on a 6-cm dish were transfected by using the
PolyFect Transfection Reagent (QIAGEN). MDCK II, MTD-1A, or
Caco2 cells were cultured on a 10-cm dish. The cells were suspended
in lysis buffer and subjected to immunoprecipitation, followed by
SDS-PAGE and Western blotting as described previously [4].
In Vitro Protein Kinase Assays
To determine the phosphorylation site(s) of human Lgl-2 by aPKC,
synthesized oligonucleotides encoding 636–666 aa of human Lgl-2
or its serine-alanine mutants were inserted into the pGEX-6P vector
(Amersham Bioscience), and GST fusion proteins were purified by
using the standard procedure. HA-aPKC was purified on anti-HA
affinity beads (Roche) from transfected 293T cells as described
previously [38]. GST-mLgl-2 636–666 or its serine-alanine mutants
(2g) were coincubated with 0.05g HA-aPKC in 50l phosphory-
lation buffer (20 mM Tris-HCl [pH 7.5], 5 mM MgCl2, 1 mM EGTA,
40 M ATP, and 2 Ci/50 l [-32P] ATP) at 30C. The reaction
was stopped by adding SDS sample buffer, and the products were
Figure 8. Schematic Model for Establishment of Epithelial Cell Po- subjected to SDS-PAGE, followed by autoradiography or Western
larity by PAR-6/aPKC and Its Interacting Proteins blotting. To examine the phosphorylation of full-length mLgl-2 by
aPKC, 293T cells were cotransfected with expression vectors en-The cell-cell contact initially localizes the “inactive” PAR-6/aPKC/
coding HA-mLgl-2, T7-PAR-6, and aPKC and were subjected tomLgl complex at the cell-cell contact region. Once aPKC is acti-
immunoprecipitation with the anti-T7 tag antibody, followed by anvated, presumably through the activated Cdc42, mLgl is phosphory-
in vitro phosphorylation assay using phosphorylation buffer as de-lated and segregated from PAR-6/aPKC, forming the “active”
scribed previously [13].PAR-6/aPKC/PAR-3 complex that promotes TJ formation with
JAM. The Pals/Crb complex may also contribute to this process
through its interaction with PAR-6. On the other hand, the segre- In Vitro Binding Assay
gated mLgl remains in the lateral region and seems to be involved in GST-PAR-6 wt or its mutants were produced in E. coli and were
the establishment of basolateral membrane identity with syntaxin-4. purified by using the standard procedure. MDCK cells were sus-
pended in lysis buffer containing 20 mM HEPES (pH 7.5), 150 mM
NaCl, 1% NP-40, 10% glycerol, 10 mM MgCl2, 1 mM EDTA, 10
g/ml leupeptin, 1 mM PMSF, and 1.8 g/ml aprotinin, and theexpression vectors encoding mouse aPKC wt or kn and LacZ were
suspension was clarified by centrifugation. The lysates were coincu-described previously [4]. Adenovirus expression vectors encoding
bated for 1 hr with 5 g GST fusion proteins immobilized to glutathi-T7-PAR-6 wt or M235W, or HA-mLgl-2, as well as an empty vector,
one-sepharose 4B (Amersham Bioscience). After washing four timeswere generated using the Adeno-X expression system (Clontech).
with lysis buffer, GST fusion proteins were eluted with 16 mM glu-
tathion, and coeluted proteins were subjected to SDS-PAGE, fol-Antibodies
lowed by Western blotting or CBB staining.Anti-PAR-6 antibodies, BC31AP and Beta2-4AP, were generated
in rabbits, and BCR12AP was generated in rats; BC31AP and
Blot Overlay AssayBCR12AP were raised against the C-terminal 14 aa of human
293T cells transfected with the expression vector encoding HA-PAR-6, and Beta2-4AP was raised against the glutathione-S-trans-
mLgl-2 or HA-aPKCwere lysed and subjected to immunoprecipita-ferase (GST) fusion protein with full-length human PAR-6. Anti-
tion with the anti-HA tag antibody. The IPs were then subjectedmLgl-2 antibodies were generated in rabbits; N13AP was raised
to SDS-PAGE, and separated products were blotted on a PVDFagainst the N-terminal 20 aa of human Lgl-2, and 100–278 2-3AP
membrane. The membrane was incubated with denaturing bufferwas raised against the GST fusion protein with 100–278 aa of human
(7 M guanidine-HCl, 50 mM DTT, 2 mM EDTA, 50 mM Tris-HCl [pHLgl-2. The anti-mLgl-1 antibody, C-2 AP, was raised against the
8.3]) for 30 min and were then incubated with renaturing buffer (20GST fusion protein with 808–1057 aa of mouse Lgl-1. Each antibody
mM Tris-HCl [pH 7.4], 140 mM NaCl, 4 mM DTT, 1 mM MgCl2, 10was affinity purified on the corresponding antigen-conjugated col-
M ZnCl2, 0.1% BSA, and 0.1% NP-40) for 16 hr. After treatmentumn. The phospho-specific antibody against serine 653 of human
with 5% skim milk solution, the membrane was incubated with 2Lgl-2 was raised against a phospho-peptide (KSLRES[-P]FRKLR)
g/ml GST-PAR-6 or GST in renaturing buffer for 16 hr. After wash-and was purified on a phospho-peptide-conjugated column, after
ing three times with renaturing buffer, GST proteins were detectedwhich it was coincubated with peptide (KSLRESFRKLR). Anti-PAR-3
by using the anti-GST antibody and chemiluminescence ECL (Amer-pAb (C2-3AP), and anti-aPKC (1) pAb were described previously
sham Bioscience).[10, 41]. The following antibodies were also used: anti-aPKC ()
mAb, anti-E-cadherin mAb, (Transduction Laboratories), anti-ZO-1
mAb/pAb (ZYMED Laboratories), anti-T7 mAb (Novagen), anti-T7 Immunofluorescence Microscopy
(Omni) pAb (Santa Cruz), anti-HA rabbit pAb (BETHYL), and anti-HA MDCK cells were fixed with 2% paraformaldehyde and were stained
rat mAb (Roche). as described previously [4]. The secondary antibodies used here
were Alexa 488-conjugated goat anti-rabbit or anti-mouse antibody
(Molecular Probes), Cy3-conjugated goat anti-rabbit or anti-rat anti-Cell Culture and Adenovirus Infection
MDCKII (canine kidney), MTD-1A (mouse mammary tumor), Caco2 body (Amersham Bioscience), or Cy5-conjugated goat anti-mouse
antibody (Amersham Bioscience). The samples were mounted with(human colon cancer), and 293T cells were grown in DMEM con-
taining 10% FCS, penicillin, and streptomycin under an air-5% CO2 VECTASHIELD (Vector Laboratories) and were viewed with a confo-
cal microscope system (LSM 510; Carl Zeiss).atmosphere at constant humidity. The calcium switch assay and
Current Biology
742
Supplemental Data thelial tight junctions is negatively regulated by Par6. Curr. Biol.
12, 221–225.Supplemental Data including three additional figures are available
at http://images.cellpress.com/supmat/supmatin.htm. 15. Muller, H.A., and Wieschaus, E. (1996). armadillo, bazooka, and
stardust are critical for early stages in formation of the zonula
adherens and maintenance of the polarized blastoderm epithe-Acknowledgments
lium in Drosophila. J. Cell Biol. 134, 149–163.
16. Petronczki, M., and Knoblich, J.A. (2001). DmPAR-6 directs epi-We thank Drs. Yukiko Noda and Hideki Sumimoto (Kyusyu Univer-
thelial polarity and asymmetric cell division of neuroblasts insity, Fukuoka, Japan) for cDNA encoding PAR-6 and Dr. Stefan
Drosophila. Nat. Cell Biol. 3, 43–49.Wiemann (Deutsches Krebsforschungszentrum, Germany) for cDNA
17. Wodarz, A., Ramrath, A., Grimm, A., and Knust, E. (2000). Dro-encoding huLgl-2. We also thank Dr. Syu-ichi Hirai for helpful com-
sophila atypical protein kinase C associates with Bazooka andments on the manuscript and Ms. Yoshiko Amano and Ms. Hidemi
controls polarity of epithelia and neuroblasts. J. Cell Biol. 150,Uchiyama for technical help. This work was supported by grants
1361–1374.from the Ministry of Education, Culture, Sports, Science, and Tech-
18. Tepass, U., Tanentzapf, G., Ward, R., and Fehon, R. (2001).nology of Japan (S.O.) and the Japanese Society for the Promotion
Epithelial cell polarity and cell junctions in Drosophila. Annu.of Science (S.O. and T.Y.).
Rev. Genet. 35, 747–784.
19. Muller, H.A. (2000). Genetic control of epithelial cell polarity:Received: March 7, 2003
lessons from Drosophila. Dev. Dyn. 218, 52–67.Revised: March 27, 2003
20. Ohshiro, T., Yagami, T., Zhang, C., and Matsuzaki, F. (2000). RoleAccepted: March 27, 2003
of cortical tumour-suppressor proteins in asymmetric division ofPublished online: April 7, 2003
Drosophila neuroblast. Nature 408, 593–596.
21. Tanentzapf, G., and Tepass, U. (2003). Interactions between the
References crumbs, lethal giant larvae and bazooka pathways in epithelial
polarization. Nat. Cell Biol. 5, 46–52.1. Drubin, D.G., and Nelson, W.J. (1996). Origins of cell polarity.
22. Bilder, D., Schober, M., and Perrimon, N. (2003). Integrated ac-Cell 84, 335–344.
tivity of PDZ protein complexes regulates epithelial polarity.
2. Gumbiner, B.M. (1996). Cell adhesion: the molecular basis of
Nat. Cell Biol. 5, 53–58.
tissue architecture and morphogenesis. Cell 84, 345–357.
23. Lemmers, C., Medina, E., Delgrossi, M.H., Michel, D., Arsanto,
3. Knust, E., and Bossinger, O. (2002). Composition and formation
J.P., and Le Bivic, A. (2002). hINADl/PATJ, a homolog of discs
of intercellular junctions in epithelial cells. Science 298, 1955–
lost, interacts with crumbs and localizes to tight junctions in
1959.
human epithelial cells. J. Biol. Chem. 277, 25408–25415.
4. Suzuki, A., Yamanaka, T., Hirose, T., Manabe, N., Mizuno, K.,
24. Roh, M.H., Makarova, O., Liu, C.J., Shin, K., Lee, S., Laurinec,
Shimizu, M., Akimoto, K., Izumi, Y., Ohnishi, T., and Ohno, S. S., Goyal, M., Wiggins, R., and Margolis, B. (2002). The Maguk
(2001). Atypical protein kinase C is involved in the evolutionarily protein, Pals1, functions as an adapter, linking mammalian ho-
conserved par protein complex and plays a critical role in estab- mologues of Crumbs and Discs Lost. J. Cell Biol. 157, 161–172.
lishing epithelia-specific junctional structures. J. Cell Biol. 152, 25. Hamazaki, Y., Itoh, M., Sasaki, H., Furuse, M., and Tsukita, S.
1183–1196. (2002). Multi-PDZ-containing protein 1 (MUPP1) is concentrated
5. Joberty, G., Petersen, C., Gao, L., and Macara, I.G. (2000). The at tight junctions through its possible interaction with claudin-1
cell-polarity protein Par6 links Par3 and atypical protein kinase and junctional adhesion molecule (JAM). J. Biol. Chem. 277,
C to Cdc42. Nat. Cell Biol. 2, 531–539. 455–461.
6. Lin, D., Edwards, A.S., Fawcett, J.P., Mbamalu, G., Scott, J.D., 26. Muller, B.M., Kistner, U., Veh, R.W., Cases-Langhoff, C., Becker,
and Pawson, T. (2000). A mammalian PAR-3-PAR-6 complex B., Gundelfinger, E.D., and Garner, C.C. (1995). Molecular char-
implicated in Cdc42/Rac1 and aPKC signalling and cell polarity. acterization and spatial distribution of SAP97, a novel presynap-
Nat. Cell Biol. 2, 540–547. tic protein homologous to SAP90 and the Drosophila discs-
7. Qiu, R.G., Abo, A., and Steven Martin, G. (2000). A human homo- large tumor suppressor protein. J. Neurosci. 15, 2354–2366.
log of the C. elegans polarity determinant Par-6 links Rac and 27. Musch, A., Cohen, D., Yeaman, C., Nelson, W.J., Rodriguez-
Cdc42 to PKCzeta signaling and cell transformation. Curr. Biol. Boulan, E., and Brennwald, P.J. (2002). Mammalian homolog of
10, 697–707. Drosophila tumor suppressor lethal (2) giant larvae interacts
8. Johansson, A., Driessens, M., and Aspenstrom, P. (2000). The with basolateral exocytic machinery in Madin-Darby canine kid-
mammalian homologue of the Caenorhabditis elegans polarity ney cells. Mol. Biol. Cell 13, 158–168.
protein PAR-6 is a binding partner for the Rho GTPases Cdc42 28. Muhlhahn, P., Zweckstetter, M., Georgescu, J., Ciosto, C., Ren-
and Rac1. J. Cell Sci. 113, 3267–3275. ner, C., Lanzendorfer, M., Lang, K., Ambrosius, D., Baier, M.,
9. Ohno, S. (2001). Intercellular junctions and cellular polarity: the Kurth, R., et al. (1998). Structure of interleukin 16 resembles a
PAR-aPKC complex, a conserved core cassette playing funda- PDZ domain with an occluded peptide binding site. Nat. Struct.
mental roles in cell polarity. Curr. Opin. Cell Biol. 13, 641–648. Biol. 5, 682–686.
10. Izumi, Y., Hirose, T., Tamai, Y., Hirai, S., Nagashima, Y., Fuji- 29. Kalmes, A., Merdes, G., Neumann, B., Strand, D., and Mechler,
moto, T., Tabuse, Y., Kemphues, K.J., and Ohno, S. (1998). An B.M. (1996). A serine-kinase associated with the p127-l(2)gl tu-
atypical PKC directly associates and colocalizes at the epithelial mour suppressor of Drosophila may regulate the binding of
tight junction with ASIP, a mammalian homologue of Caenor- p127 to nonmuscle myosin II heavy chain and the attachment
habditis elegans polarity protein PAR-3. J. Cell Biol. 143, 95–106. of p127 to the plasma membrane. J. Cell Sci. 109, 1359–1368.
11. Hirose, T., Izumi, Y., Nagashima, Y., Tamai-Nagai, Y., Kurihara, 30. Strand, D., Unger, S., Corvi, R., Hartenstein, K., Schenkel, H.,
H., Sakai, T., Suzuki, Y., Yamanaka, T., Suzuki, A., Mizuno, K., Kalmes, A., Merdes, G., Neumann, B., Krieg-Schneider, F., Coy,
et al. (2002). Involvement of ASIP/PAR-3 in the promotion of J.F., et al. (1995). A human homologue of the Drosophila tumour
epithelial tight junction formation. J. Cell Sci. 115, 2485–2495. suppressor gene l(2)gl maps to 17p11.2–12 and codes for a
12. Suzuki, A., Ishiyama, C., Hashiba, K., Shimizu, M., Ebnet, K., cytoskeletal protein that associates with nonmuscle myosin II
and Ohno, S. (2002). aPKC kinase activity is required for the heavy chain. Oncogene 11, 291–301.
asymmetric differentiation of the premature junctional complex 31. Bilder, D., Li, M., and Perrimon, N. (2000). Cooperative regulation
during epithelial cell polarization. J. Cell Sci. 115, 3565–3573. of cell polarity and growth by Drosophila tumor suppressors.
13. Yamanaka, T., Horikoshi, Y., Suzuki, A., Sugiyama, Y., Kitamura, Science 289, 113–116.
K., Maniwa, R., Nagai, Y., Yamashita, A., Hirose, T., Ishikawa, 32. Nakagawa, M., Fukata, M., Yamaga, M., Itoh, N., and Kaibuchi,
H., et al. (2001). PAR-6 regulates aPKC activity in a novel way K. (2001). Recruitment and activation of Rac1 by the formation
and mediates cell-cell contact-induced formation of the epithe- of E-cadherin-mediated cell-cell adhesion sites. J. Cell Sci. 114,
lial junctional complex. Genes Cells 6, 721–731. 1829–1838.
33. Kim, S.H., Li, Z., and Sacks, D.B. (2000). E-cadherin-mediated14. Gao, L., Joberty, G., and Macara, I.G. (2002). Assembly of epi-
mLgl Interacts with PAR-6/aPKC to Regulate Cell Polarity
743
cell-cell attachment activates cdc42. J. Biol. Chem. 275, 36999–
37005.
34. Hurd, T.W., Gao, L., Roh, M.H., Macara, I.G., and Margolis, B.
(2003). Direct interaction of two polarity complexes implicated
in epithelial tight junction assembly. Nat. Cell Biol. 5, 137–142.
35. Betschinger, J., Mechtler, K., and Knoblich, J.A. (2003). The Par
complex directs asymmetric cell division by phosphorylating
the cytoskeletal protein Lgl. Nature 422, 326–330.
36. Plant, P., Fawcett, J., Lin, D., Holdorf, A., Binns, K., Kulkarni,
S., and Pawson, T. (2003). A polarity complex of mPar-6 and
atypical PKC binds, phosphorylates and regulates mammalian
Lgl. Nat. Cell Biol. 5, 301–308.
37. Noda, Y., Takeya, R., Ohno, S., Naito, S., Ito, T., and Sumimoto,
H. (2001). Human homologues of the Caenorhabditis elegans
cell polarity protein PAR6 as an adaptor that links the small
GTPases Rac and Cdc42 to atypical protein kinase C. Genes
Cells 6, 107–119.
38. Yamashita, A., Ohnishi, T., Kashima, I., Taya, Y., and Ohno, S.
(2001). Human SMG-1, a novel phosphatidylinositol 3-kinase-
related protein kinase, associates with components of the
mRNA surveillance complex and is involved in the regulation of
nonsense-mediated mRNA decay. Genes Dev. 15, 2215–2228.
39. Akimoto, K., Takahashi, R., Moriya, S., Nishioka, N., Takayanagi,
J., Kimura, K., Fukui, Y., Osada, S., Mizuno, K., Hirai, S., et al.
(1996). EGF or PDGF receptors activate atypical PKClambda
through phosphatidylinositol 3-kinase. EMBO J. 15, 788–798.
40. Akimoto, K., Nakaya, M., Yamanaka, T., Tanaka, J., Matsuda,
S., Weng, Q.P., Avruch, J., and Ohno, S. (1998). Atypical protein
kinase Clambda binds and regulates p70 S6 kinase. Biochem.
J. 335, 417–424.
41. Akimoto, K., Mizuno, K., Osada, S., Hirai, S., Tanuma, S., Suzuki,
K., and Ohno, S. (1994). A new member of the third class in the
protein kinase C family, PKC lambda, expressed dominantly in
an undifferentiated mouse embryonal carcinoma cell line and
also in many tissues and cells. J. Biol. Chem. 269, 12677–12683.
42. Stuart, R.O., Sun, A., Panichas, M., Hebert, S.C., Brenner, B.M.,
and Nigam, S.K. (1994). Critical role for intracellular calcium in
tight junction biogenesis. J. Cell. Physiol. 159, 423–433.
